In this work we analyze the effect of circular and azimuthal polarization in the inscription waveguides by fs-laser writing via ion migration effects in phosphate glass. The morphology of the produced structures indicates a reduction of non-linear refractive index for azimuthally polarized writing beams. Both radial and azimuthally polarized beams show transformation thresholds much higher than circularly polarized ones, along with a considerable increase of the size of the structures in the high energy regime.
Introduction
Direct laser writing by ultrashort pulses has been widely used for the production of optical waveguides and other photonic elements inside of glasses [1] . Still, it presents in most cases a very limited range in the maximum refractive index modification (Δn) achievable. The feasibility of using ion-migration effects to generate a large refractive index contrast in phosphate-lanthanum-potassium glasses has been recently demonstrated [2] . In this case, lanthanide and alkali elements experience a cross-migration process producing a La-enriched region whith an increased refractive index. Previous results show the capabilities of this technique [3, 4] . It has been showed that the guiding region dimensions and Δn can be fine-tuned controlling the writing conditions (pulse energy, slit width, and bean aberrations) [4, 5] ). In this work, we study the influence of "exotic" (radial and azimuthal) writing beam polarizations in the morphology and performance of the so produced structures
Experimental details
The sample consists of a commercial phosphate glass (Kigre Inc.) with La 2 O 3 and K 2 O contents in the order of 10% mol.% The inscribed beam was generated by fiber-based, fs-laser amplifier (Satsuma, Amplitude Systems) operating at 1030 nm , and generating 350 fs laser pulses at 500 kHz. The circular polarization was produced using a quarterwave plate, and radial and azimuthal polarizations using a "S-waveplate" (super-structured space variant polarization converter, Altechna) which converted the incident linear been polarization to radial or azimuthal. The beam was slit-shaped (1.2 mm width) and focused (0.68 NA aspheric lens) 140 μm underneath the surface of the glass. The sample was moved at 40-80 μm/s with respect to the beam focus by a motorized stage in order to produce the waveguides. Their end facets were polished and the corresponding image cross sections in trans-illumination recorded in an optical microscope with Differential Interference Contrast (DIC) illumination. The corresponding near field images of the propagated modes at 980 and 1530 nm were also acquired.
Results, discussion and conclusion
Fig 1 shows DIC microscopy images of waveguides produced utilizing the three different polarizations. Overall the produced structures look are very similar each other, except for the size difference at similar writing pulse energies. The white contrasted region corresponds to the guiding region, where the local concentration of La, and thus Δn, is increased, while the black region corresponds to a region of decreased Δn, thus a local depletion of La. A dark dashed line appears in the deeper region of some of the structures indicating the presence of beam filamentation effects.
As previously shown in [4] , waveguides written utilizing the slit shaping technique and circular polarization show two different regimes above formation threshold, a low energy regime, where the size of the guiding region remains almost constant and controlled by the slit width , and a high energy regime with much larger guiding regions apparently associated to heat accumulation effects. This is reflected in Fig 1, where one waveguide in each regime is shown for the circularly polarized beam.
These two regimes also exist for radially and azimuthally polarized writing beams. However, the waveguide formation energy threshold is strongly increased with respect to the circular case. While for circular polarization waveguides can be formed at energies as low as 550 nJ, the threshold is 750 nJ for azimuthal polarization and 800 for radial one. This indicates that the multiphoton absorption coefficient is apparently reduced for these polarizations. The waveguides remain in low energy regime over a 200, 350 and 250 nJ pulse energy interval for the circular, radial and azimuthal polarizations respectively. On the other hand, in this low energy regime, beam filamentation is observed in most cases. For radial polarization, the filaments are longer than for circular polarization with guiding structures (white region) of similar size, which are produced at much higher energies, indicating that the nonlinear refractive index apparently decreases. The opposite happens for azimuthal polarization, the filament is almost nonexistent, indicating a further reduction in the nonlinear refractive index.
Also, in the high energy regime strong differences between circular and exotic polarizations are observed. The produced structures are larger than for circular polarization, with La-enriched regions are found four times larger, but also showing the same sudden quasi-discontinuous increase of size versus pulse energy that occurs for circular polarization [5] . Fig 1 (bottom) shows the guided modes for waveguides in the low energy regime at 976 nm. All the produced waveguides in the low energy regime are single-mode at this wavelength. In the high energy regime, all waveguides produced with circular polarization show multimode behavior at 980 nm, while for radial and azimuthal polarization monomodal behavior is still observed in most cases. EDX measurements are presently underway to identify the La local distribution in order to determine the origin of the differences in the guiding behavior
In conclusion, the influence of polarization in the production of waveguides by ion migration induced by high repetition rate femtosecond laser writing has been studied for circularly, azimuthally and radially polarized writing beams. For the two exotic polarizations non-linear interaction effects (absorptive and refractive) show clear differences with respect to the circular polarization case, leading to a an additional control parameter for fabrication of guiding structures via ion-migration.
